Three experiments were conducted using 52 pigs between 22 and 35 h of birth to determine the effects of emulsification and fatty-acid chain length on utilization of medium-chain triglycerides (MCT). After a 4-h period during which feed was withheld, pigs were force-fed 6 mL of nonemulsified ( N E ) MCT or 20 mL of a 30% (vol/vol) Tween 80- (polyoxy-ethylene [20] sorbitan monooleate) MCT emulsion, marking time 0, and serial blood samples were drawn throughout 8 h for analysis of mediumchain fatty acid (MCFA) concentrations by HPLC. In Exp. 1, pigs received either NE or emulsified Tri-C4, -C5, -C6, or -C7. The emulsified treatments were discontinued due to deaths caused by coma resulting from high concentrations (up to 12 mM) of plasma MCFA. Concentrations in pigs fed emulsified MCT were 2.5-fold higher than those in pigs fed NE MCT.
Introduction
The transition from intrauterine to extrauterine life is associated with a number of physiological, metabolic, and environmental challenges to newborn mammals (Girard and Ferre, 1982) . Limitations in the ability of the neonatal pig to cope with these challenges result in high postnatal morbidity and mortality ranging from 12 to 28% of pigs born alive (Bereskin et al., 1973; USDA, 1991) . ' Supported in part by funds provided from the Illinois Agric. , the National Pork Producers Council, a Graduate Fellowship from the Univ. of Illinois, and a Postdoctoral Fellowship from Beijing Agricultural Univ.
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3T0 whom correspondence should be addressed. Received July 13, 1992. Accepted March 4, 1993 J. Anim. Sci. 1993 . 71:1869 -1874 Efforts to improve survival by nutritional means have recently been focused on oral supplementation of pigs with medium-chain triglycerides ( MCT, containing fatty acids with 6 to 12 carbon atoms; Lepine et al., 1989; Odle et al., 1989 Odle et al., , 1991 Wieland et al., 19931 , with the goal of conserving the neonate's limited endogenous fuel supply . Research using radiolabeled substrates has indicated that newborn pigs can effectively digest and absorb MCT and oxidize the resulting medium-chain fatty acids (MCFA; Chiang et al., 1990; Odle et al., 1992) . Odle et al. (1991) have also shown that changes in chain length within the medium-chain family (C7 through C10) influence the extent of MCT digestion and(or) absorption. Wieland et al. (1993) also showed that emulsification of MCT increased plasma concentrations of MCFA 7-to 20-fold over that observed in pigs force-fed nonemulsified MCT. Consequently, the objectives of the research described herein were 1 ) to further evaluate effects of fatty-acid chain length, extending down to triglycerides containing shorter-chain length fatty acids (i.e., C4 to ClO),
2) to determine the effects of emulsification on the utilization of these triglycerides, and 3 ) to elucidate any interactions between chain length and emulsification effects.
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Materials and Methods
Experimental Design. Three experiments were conducted using a total of 52 pigs (Yorkshire x Duroc x Hampshire or Yorkshire x Duroc). Sows were allowed to farrow naturally. After 22 to 35 h, pigs were removed from the sow, weighed, and housed at 30°C. After a 4-h period during which feed was withheld, the pigs were gastrically intubated with 6 mL of nonemulsified MCT or 20 mL of a 30% (vol/vol) Tween 80-MCT emulsion containing one or a mixture of Tri-C4, Tri-C5, Tri-C6, Tri-C7, Tri-C8, or Tri-C10. The triglycerides were provided by Karlshamns Lipid Specialties (Columbus, OH). Heparinized blood samples were drawn by jugular venipuncture a t 1, 2, 4, and 8 h after oral gavage of the MCT. In Trial 3, an additional .5-h sample was drawn. In Trial 1, a O-h blood sample was also drawn and did not contain detectable concentrations of C4, C5, C6, or C7, agreeing with previous research by Odle et al. (1989 Odle et al. ( , 1991 . Thus, the O-h sample was eliminated from subsequent trials. After the 8-h blood sample was drawn, pigs were returned to the sow. Blood samples were centrifuged at 4°C and plasma was stored at -20°C for subsequent MCFA analysis. Experiment 1 was designed as a 4 x 2 factorial using four triglycerides (Tri-C4, Tri-C5, Tri-C6, Tri-C7) in an emulsified or nonemulsified state. Pigs (average weight = 1.44 kg) were gastrically intubated with either 6 mL of nonemulsified MCT or 20 mL of a 30% Tween SO-(polyoxy-ethylene [201 sorbitan monooleate) MCT emulsion prepared as previously described (Wieland et al., 1993) . The treatments were calculated to provide an equal volume of triglyceride. The nonemulsified treatments were replicated six times, whereas the emulsified treatments were only replicated twice due to high mortality associated with the emulsified MCT.
In Exp. 2, 10 pigs (average weight = 1.78 kg) were blocked by litter and allotted to one to two treatments according to a randomized complete block design. A composite triglyceride mixture containing equimolar Tri-C4, Tri-C5, Tri-C6, and Tri-C7 was formulated, and pigs received 6 mL of the mixture in either nonemulsified or emulsified form. The emulsion was a 30% (volumeholume) aqueous MCT dispersion using Tween 80 as the emulsifying agent. The pigs received 20 mL of the emulsion, thus providing MCT on an equimolar basis to the nonemulsified control. Experiment 3 was conducted in the same manner as Exp. 2 except that the equimolar mixture of triglycerides administered to the pigs (average weight = 1.39 kg) (Bligh and Dyer, 1959) . The chloroform extract was dried under nitrogen and derivatized using Phenacyl-8 (Pierce, Rockford, IL). Radiolabeled octanoate and butyrate ( 1 -14C, 55 /*Ci/pmol, American Radiolabeled Chemical, St. Louis, MO) were added to the plasma as internal standards. The fatty acidphenacyl esters were separated using a Beckman System Gold HPLC (Beckman Instruments, Palo Alto, CA) , Beckman Ultrasphere CIS reversed-phase coiurriri (25 C K I~ x 4.6 r n m ; 6 -p m pariicie s i z e ) , a C O I I V~X acetonitrile gradient from 43 to 100% acetonitrile, and a flow rate of 1.5 mL/min. A sample radiochromatogram from a pig fed a mixture of Tri-C4 to Tri-C7 is shown in Figure 1 . Peaks were detected by UV absorption a t 242 nm; the phenacyl-C4 and -C8 peaks were collected and radioactivity was determined by scintillation counting using a Beckman LS6OOOIC scintillation counter. The recovery of fatty acid was proportional to chain length (C4 recovery averaged 52%; C8 recovery averaged 92%) and thus a dualisotope internal standard system was used for quantification of MCFA (Figure 1 ). Recoveries of fatty acids of intermediate chain length (i.e., C5, C6, and C7) were estimated by linear interpolation between the measured recoveries of 14C4 and I4C8. For quantification of MCFA, peak areas were integrated, compared with standards, and corrected for recovery.
Statistical Analysis. Data were analyzed using the GLM procedure of SAS ( 1985) . The data from pigs fed nonemulsified triglycerides in Exp. 1 were analyzed according to a randomized complete block design, and sampling time was the subplot (Steel and Torrie, 1980) . Chain length effects were further examined using the following orthogonal contrasts: C4 + C6 vs C5 t C7, C4 vs C6, and C5 vs C7. Because high death loss precluded complete replication of the emulsified treatments, these limited data were analyzed separately.
Experiments 2 and 3 were analyzed using a splitplot ANOVA wherein emulsification state constituted the main plot, whereas fatty-acid chain length and its interaction with emulsification state constituted the subplot, and sampling time effects were evaluated using repeated-measures ANOVA (SAS, 1985) . Means were compared using Fisher's Protected LSD multiple comparison procedure (S tee1 and Torrie, 1980).
Results
Experiment 1 . Figure 2 shows plasma MCFA concentrations (mM) as a function of time after forcefeeding nonemulsified (Panel A) and emulsified (Panel B ) triglycerides containing fatty acids of various chain lengths. Pigs became comatose within 15 min after receiving MCT. Pigs given nonemulsified MCT recovered within 1 h of MCT administration, whereas pigs given emulsified MCT remained comatose for approximately 2 h. Four pigs given emulsified MCT did not recover from the coma, dying between 1.5 and 3 h after administration of the MCT. Due to the unexpected death of pigs fed the emulsified MCT, these treatments were discontinued after two replications. Emulsified MCFA concentrations were two-to threefold higher than nonemulsified values. Plasma levels of even-chain-length MCFA (C4 and C6) were higher ( P < .001) than those of odd-chain-length MCFA (C5 and C7) when nonemulsified MCT was force-fed. Furthermore, concentrations of C6 tended to be greater than C4 ( P < .1).
Experiment 2. Due to the significant three-way interaction (emulsion x fatty acid x sample time; P < .05) when tested against the residual error term, the transient changes in MCFA concentration after forcefeeding nonemulsified or emulsified dosages of the equimolar mixture of Tri-C4 through Tri-C7 are shown in Figure 3 .
Medium-chain fatty acid concentrations reached higher levels ( P < .05) and rose more quickly in pigs given emulsified MCT (Panel B ) than in those fed nonemulsified material (Panel A) but decreased more rapidly (within 2 h). In pigs fed the emulsified mixture, plasma C6 was higher than C4, C5, and C7 For nonemulsified treatment comparisons, even-chain MCFA concentrations were greater than odd-chain concentration (P < .001), and C6 concentration exceeded that of C4 (P < .1).
at 1 ( P < .001) and 2 h ( P < .01). Concentrations of C7 tended to be higher than C4 ( P < .1) at 2 h. By 4 h, MCFA were undetectable in plasma from pigs fed emulsified oil. In contrast, MCFA concentrations from pigs fed nonemulsified MCT rose and reached a peak between 2 and 4 h. At 1, 2, and 4 h, levels of C6 were greater than those of C4 and C5 ( P < .05). Hexanoate concentrations were also higher than C7 but only reached statistical significance at 2 and 4 h. At 8 h, MCFA concentrations were undetectable.
Experiment 3. Statistical analysis again revealed an emulsion x fatty acid x sample time interaction ( P < .001). Therefore, the transient changes in plasma MCFA concentration after administration of emulsified ( Figure 4A ) or nonemulsified ( Figure 4B ) equimolar mixture of Tri-C4, -C6, -C8, and Tri-C10 are shown in graphic form. At .5 and 1 h, pigs gavaged with the emulsified mixture had plasma concentrations of C4 and C6 that were three-to fivefold higher than concentrations of C8 and C10 in pigs fed the emulsified mixture and than fatty acid concentrations in pigs fed the nonemulsified mixture ( P < .OOl). In pigs receiving the emulsified mixture, concentrations of C4 were higher than C6 at .5 h ( P < .05) and concentrations of C8 were higher than C10 at 1 h ( P < .1). At 2 h, in pigs fed the emulsified mixture, C4 and C6 concentrations remained higher ( P < .001); however, C4 concentrations decreased, whereas C6 decreased by 4 h but remained higher than nonemulsified MCFA and emulsified C4, C8, and C10 ( P < .05). At 8 h, plasma MCFA concentrations were again undetectable. The highest blood concentrations observed in pigs fed the nonemulsified mixture were at 1 h. At 1 h, pigs fed the nonemulsified mixture tended to have concentrations of C6 that were greater than concentrations of C8 and C10 in pigs fed the nonemulsified mixture and greater than the concentration of C10 in pigs fed the emulsified mixture ( P < .1).
Discussion
Experiment 1 was designed to investigate further the effects of fatty-acid chain length within the medium-chain family. Odle et al. (1989) fed pigs 12 mL of various MCT oils and showed that even-chain MCT (C8 and C10) supported larger increases in glucose concentration than did odd-chain MCT (C 7 and C9) during a 24-h period, suggesting that feeding MCT spared endogenous fuels. To elucidate further the possible effects of chain length, they conducted a second experiment in which plasma fatty acid concentrations were measured in response to MCT feeding. One hour after MCT administration, plasma concentrations of C8 (. 5 mM) , in pigs given MCT containing 75% C8 and 25% C10, were increased over C9 concentrations from pigs given Tri-C9. Although C10 composed 25% of the even-MCT product, < .03 mM was detected in systemic circulation. In another study by Odle et al. (1991) , pigs were force-fed 12 mL of either Tri-C7, Tri-C8, Tri-C9, or Tri-C10, and plasma MCFA concentrations were again measured. In addition, blood samples were pooled across treatment for analysis of MCFA content of esterified lipids. Mediumchain fatty acids measured at 1 h decreased progressively with increasing chain length; C7 was 50-fold higher than C10. Esterified MCFA concentrations were < .3 mM, indicating that the longer-chain MCFA were not low merely due to absorption via the lipoprotein-lymphatic route.
In the present study, pigs in Exp. 1 were fed 6 mL of nonemulsified Tri-C4, Tri-C5, Tri-C6, or Tri-C7 t o augment previous work of Odle et al. (1991) , who studied Tri-C7 through Tri-C10. Plasma MCFA concentrations peaked between 1 and 2 h after MCT dosage, agreeing with the findings of Odle et al. (1991) . Even-chain MCFA (C4 and C6) concentrations were higher than those of odd-chain MCFA (C5 and C7; P < .001). Furthermore, C6 tended to be higher than C4 ( P < .1). In addition, a large variation was seen between pigs. Consequently, in Exp. 2, to decrease this variation an equimolar mixture containing all of the four triglycerides was prepared. Pigs received 6 mL of the mixture in nonemulsified or emulsified form. This allowed statistical assessment of chain-length effects to be made within a pig. The average plasma C6 concentration was 1.5-to fatty acid x sampling time interaction, P < .001.
3-fold higher than that of other fatty acids ( P < . O l ) , whether emulsified or not. In Exp. 3, an equimolar mixture of Tri-C4, Tri-C6, Tri-C8, and Tri-C10 was made and administered as in Exp. 2. Plasma C4 and C6 concentrations in pigs fed the emulsified mixture were three-to fivefold higher than plasma C8 and C10 concentrations at .5, 1, and 2 h ( P < .05), with C4 higher than C6 at .5 h ( P c .05), C8 higher than C10 at 1 h ( P < . l ) , and C6 higher than C4 at 2 h ( P c .001). Concentrations of C6 in pigs given NE MCT tended to be greater than concentrations of C8 and C10 ( P < .1). Collectively, these data indicate that MCT utilization is dependent on chain length and suggest that C6 may be the optimal chain length.
The differences in concentrations between fatty acids of different chain lengths could indicate that the rate of metabolism of some fatty acids, for example C6, are impaired relative to other fatty acids such as C10. However, Odle et al. ( 199 l ) , using liver cells isolated from neonatal pigs, showed that the rate of metabolism of C7 was not impaired relative to C8, C9, or C10. Isolated hepatocytes converted [1-l4C1-C7 or -C9 to C02 and acid-soluble products more than 40% faster than cells given C8 or C10 and consumed 7% more 02. Thus, they concluded that the increased blood concentrations of C7 in pigs fed Tri-C7 were not due to lack of oxidation, because it was oxidized as well or better than the other MCFA. In subsequent work, they further evaluated the in vivo oxidation of intravenously infused [ 1-l4C1-C7 through C10 and confirmed that the fatty acids were oxidized equally well. Consequently, assuming that the shorter-chain MCFA (C4, C5, and C6) act in a similar manner, the effect of fatty-acid chain length is likely attributable to differences in the rate of digestion and(or) differences in the way the MCFA of various chain lengths travel through the unstirred water layer (adjacent to brush border membrane) and traverse the enterocyte.
Differences in rate of digestion may be due in part to chain-length specificity of pancreatic lipase. Using preformed triglyceride emulsions with gum arabic as the emulsifying agent, Desnuelle and Savary ( 1 9 6 3 ) showed that maximal rates of hydrolysis by pancreatic lipase compared with triolein (10 0%) increased strongly from Tri-C2 (25%) to Tri-C4 (270%) and then decreased until Tri-C12 (Tri-C6, 235%; Tri-C8, 230%; Tri-C10, 210%; and Tri-C12, 100%). They proposed that preferential hydrolysis may be due to a better orientation of the shorter chains when the lipase-substrate complex is formed and(or) due to a quicker transfer of these chains from inside the emulsion particle to the surface for hydrolysis. Using an everted rat jejunum preparation, Sallee and Dietschy ( 19 73) further showed that the limiting factor in MCT absorption may be diffusion across the cell membrane. As fatty-acid chain length increased, the permeability coefficient (nanomoles/minute.lOO milligrams-l~millimolar-l) across the enterocyte increased, thus indicating that longer-chain MCFA would cross faster due to their nonpolar nature. However, as chain length increased, water solubility and the ability to diffuse through the unstirred water layer without the aid of micelles decreased. Within the MCFA family, there was a twofold increase in the diffusion coefficient (square centimetersisecond x lo6) as chain length decreased from C12 (7.6) to C2 (1 6.7). The authors suggested that increased partitioning into micelles occurs as chain length increases. As is evident from these studies, digestion and absorption of MCT is a complex process and many factors could account for the chain-length effects seen.
Feeding emulsified MCT increased plasma MCFA concentrations over concentrations in pigs given NE MCT, agreeing with previous research (Wieland et al., 1993) . In Exp. 1, concentrations in pigs fed emulsified MCT were generally two-to threefold higher than levels in pigs fed NE MCT. In Exp. 2, an emulsification x chain length x time interaction was observed. Specifically, plasma fatty acids from pigs given the emulsified equimolar mixture of MCT peaked near 1 h and returned to baseline by i 4 h, whereas fatty acids from the nonemulsified treatment peaked near 2 h and were maintained longer ( I 8 h). By contrast, in Exp. 3, the time-course response pattern was similar whether pigs were given nonemulsified or emulsified MCT. That is, in each case, MCFA concentrations rose and returned to baseline by I 4 h, except for concentrations of C6 in pigs given the emulsified mixture. These data suggest that emulsification may alter the digestioniabsorption kinetics of MCT, possibly increasing the rate of hydrolysis of MCT by increasing the amount of lipid exposed to pancreatic and(or) gastric lipase. Presence of a gastric lipase in pigs has been shown by Newport and Howarth (1985) and in adult pigs by Moreau et al. (1988) . Little is known about gastric lipase in swine. Studies with human gastric lipase indicate that the enzyme shows a fatty-acid chain length specificity. The hydrolysis of MCT occurs at a rate 5 to 10 times higher than that of long-chain triglycerides (Liao et al., 1984) . Furthermore, as shown in rats and human infants, MCFA hydrolyzed in the stomach can be absorbed directly through the gastric mucosa and into circulation (Bitman et al., 1985; Hamosh et al., 1989) .
Another observation from the experiments reported herein was the vomiturition, narcosis, and death seen in pigs, especially those fed emulsified MCT. Lethargy and narcosis in pigs fed MCT has been noted previously. Wieland et al. (1993) conducted a doseresponse experiment in pigs using emulsified MCT containing a mixture of C8 and C10 fatty acids and observed transient narcosis in animals receiving z 6 mL of MCT oil; however, no pigs were reported to have died and blood MCFA concentrations never exceeded 3 mM. In Exp. 1 reported herein, approximately 50% of pigs given emulsified MCT exhibited a vomiting reflex, all pigs showed evidence of narcosis, and four deaths occurred in animals given emulsified Tri-C4 and Tri-C7. Decreasing the amount of any one MCT fed to the pigs, as in Exp. 2 and 3 in which equimolar mixtures of four MCT were fed, decreased the narcosis seen in pigs fed NE MCT. However, in Exp. 2 and 3, 60 and loo%, respectively, of pigs fed the emulsified mixture of MCT still experienced transient sedation. The observed narcosis was generally correlated in time with the high concentrations of MCFA that in some cases exceeded 10 mM. These observations suggest that feeding MCT, especially in an emulsified form, may result in accumulation of systemic MCFA concentrations to toxic and even lethal levels. This may explain the increase in mortality seen in a field study by Lepine et al. (19891, wherein pigs were dosed twice with 25 mL of MCT containing 75% C8 and 25% C10 within a 24-h period. Within the first 30 h, survival was decreased by 25% in pigs given MCT compared with control pigs given saline.
Implications
The results reported herein indicate that mediumchain triglyceride utilization is dependent on fattyacid chain length and suggests that hexanoate (C6) may be the optimal chain length for maximizing the rate and extent of medium-chain triglyceride digestion and absorption by the neonatal pig. Emulsification increases the rate of medium-chain triglyceride digestion and(or) absorption and can cause concentrations of fatty acids to rise to toxic and in some cases even lethal levels. Whether the pig derives quantitatively more energy from emulsified than from nonemulsified medium-chain triglycerides and(or1 from mediumchain triglycerides containing certain chain lengths of fatty acids remains to be determined.
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